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Edited by Richard CogdellAbstract Both the X-ray structures of the apo- and the copper-
bound forms of the metal-sensor domain (residues 31–148) of
CnrX from Cupriavidus metallidurans CH34 were obtained at
1.74 A˚ resolution from a selenomethionine derivative. This
four-helix hooked-hairpin is the ﬁrst structure of a metal-sensor
in an ECF-type signaling pathway. The copper ion is bound in a
type 2-like center with a 3N1O coordination in the equatorial
plane and shows an unprecedented remote ﬁfth axial ligand with
Met93 contributing a weak S–Cu bond. The signal onset cannot
be explained by conformational changes associated with CnrX
metallation.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Adaptation to changing environmental conditions allows the
bacterial cell to cope with unfavorable situations. In bacteria,
external stress-induced reactions are regulated at the transcrip-
tion level but the envelope acts as both a structural and a func-
tional sieve. Thus, the presence of environmental stress factors
must be signaled to the transcription machinery to set up an
appropriate response by alteration of gene expression. Signal-
ing the presence of a stress factor in the envelope can mobilize
two types of signal transduction pathways in Escherichia coli:
phosphorylation cascade through two-component systems
(CpxAR and BaeSR) or stress-dependent release of alternative
sigma factors (rE and rFecI), which will change RNA-poly-
merase promoter speciﬁcity [1–3]. Such sigma factors belong
to the extracytoplasmic function (ECF)-subfamily of sigma
factors and are typically regulated by membrane sequestration
and release [4,5].
Cupriavidus metallidurans CH34 is the prototype of heavy-
metal resistant bacteria [6,7]. It possesses 11 ECF-type r
factors, ﬁve of which are directly involved in heavy-metal resis-
tance [8,9]. Most bacterial heavy-metal resistance mechanisms*Corresponding author. Fax: +33 4 38 78 54 94.
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doi:10.1016/j.febslet.2008.10.042rely on the eﬄux of the toxic compounds [10]. For instance, co-
balt and nickel resistance is mediated by the eﬄux-pump
CnrCBA and the putative transporter CnrT [11–13]. These
proteins contribute to export Ni(II) and Co(II) outside the cell.
It has been shown that inducible expression of cobalt and nick-
el resistance depends on the genes cnrYXH. CnrH is an ECF-
type r factor. CnrH is required for the RNA-polymerase to
initiate transcription at cnr promoters. Analogy with the rE
signaling pathway in E. coli and genetic dissection of the
CnrYXH system in C. metallidurans CH34 support a model
where, in the absence of cobalt or nickel stress, CnrH is seques-
tered at the membrane by the bitopic membrane protein CnrY
[14]. CnrY would interact with CnrH in the cytoplasm and
with CnrX in the periplasm. CnrX would be the metal-sensor
in this system and it is presumed that binding of nickel or co-
balt activates the signal transduction pathway leading to re-
lease CnrH in the cytoplasm [14]. The nature of the signal is
still unknown. In the simplest hypothesis, binding of the metal
would cause a conformational change of CnrX that would af-
fect CnrY. Swissprot and Genbank databases describe CnrX
as a 148 amino acids protein with 26 N-terminal residues serv-
ing either as a membrane anchor or as a signal sequence for the
export of the downstream residues into the periplasm. It is not
clear whether CnrX functions as a soluble periplasmic protein
or as a membrane-embedded polypeptide [14,15].
We have previously overexpressed and puriﬁed a soluble
form of CnrX spanning residues 31–148 that we refer to as
CnrXs [15]. This protein is a dimer in solution and crystallizes
in PEG2000 MME. Native crystals belonging to the primitive
monoclinic space group P21 diﬀracted to 2.3 A˚ resolution
using synchrotron radiation. Now, the atomic structure of
the selenomethionine derivative of CnrXs was reﬁned at
1.74 A˚.2. Materials and Methods
2.1. Expression and puriﬁcation of CnrXs, crystallization and data
collection
The selenomethionine derivative of CnrXs was overexpressed as pre-
viously described [15] in the growth conditions deﬁned in [16]. Correct
substitution of the only methionine residue of CnrXs by selenomethi-
nonine was checked by mass spectrometry. Se–CnrXs was puriﬁed and
crystallized as previously described for CnrXs [15]. Before data collec-
tion, a crystal was soaked in paraﬃn oil and frozen in liquid nitrogen.
Diﬀraction data were collected at the beamline ID23-eh1 (ESRF,blished by Elsevier B.V. All rights reserved.
Table 1
Data collection and reﬁnement statistics. Values in parentheses refer to
the highest resolution shell.
Data collection
Space group P21
Cell parameters a = 31.94 A˚ b = 77.89 A˚
c = 93.2 A˚ b = 90.17
Wavelength (A˚) 0.97961
Resolution limits (A˚) 46.57–1.74 (1.84–1.74)
Completeness (%) 97.2 (93.8)
Multiplicity 6.3 (6.0)
I/r(I) 27.0 (6.3)
aRmerge (%) 3.7 (26.3)




Bond length mean deviation (A˚) 0.032
Bond angle mean deviation () 2.479












Fig. 1. Panel A, structure of the CnrXs dimer. In one of the CnrXs
protomers, helices are identiﬁed as follows: blue, H1, orange, H2,
green, H3 and magenta, H4. The other protomer is depicted in white.
All structure images were produced with Chimera [37]. Panel B, CnrXs
sequence has been numbered from 1 to 118, which corresponds to
CnrX residues 31– 148. The program PISA [38] was used to identify
the residues involved in CnrXs dimerization. The 36 residues identiﬁed
are in bold. They comprize 22 hydrophobic residues (highlighted). The
position of the helices is shown by h (blue, H1, orange, H2, green, H3
and pink, H4).
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(k = 0.97961 A˚). A total of 610 images with an angular step of 0.5,
corresponding to a total angular domain of 305, were collected to a
resolution of 1.74 A˚. Data were processed with the programs XDS
[17], SCALA and TRUNCATE from the CCP4 suite [18]. Data collec-
tion statistics are given in Table 1.
2.2. Structure determination and reﬁnement
Structure was determined by the SAD method with the program
SHARP [19] using the anomalous signal of Se. Four sites were found
by the program SHELXD [20], corresponding to each selenomethionine
of the four expected CnrXs molecules in the asymmetric unit [15]. After
20 reﬁnement cycles of the heavy-atom parameters with SHARP, the
addition of ﬁve anomalous sites largely improved the quality of the
experimental electron-densitymap. Experimental phaseswere improved
with the programs SOLOMON [21] andDM [22] using the solvent con-
tent of 35.5% given by TRUNCATE. Automatic building, performed
with the program Arp/Warp [23] allowed to dock 386 residues over the
472 anticipated from the sequence. The structure was reﬁned with Ref-
mac5 [24] using the automatically built model as a starting point. 5% of
reﬂections were excluded from automatic building and were withheld
during the whole reﬁnement process in order to monitor the Rfree value
[25]. Reﬁnement statistics are given in Table 1. In accordance with EPR
data, 3 copper ions were introduced in themetal-binding site of 3 of the 4
monomers. Their occupancies were roughly estimated to 60%, 30% and
30%. Thus, the same crystal displayed both copper-bound CnrXs and
apo-CnrXs with 60% and 0% copper-occupancy, respectively. Despite
the occurrence of non-crystallographic 2-fold symmetry (NCS) between
2 molecules in each dimer, no NCS restraints were applied during the
reﬁnement. At the end of the reﬁnement, the positions of the nine anom-
alous peaks were checked against the ﬁnal model. Eight peaks corre-
sponded to the Se atoms of selenomethionine in alternate
conformations while the ninth peakwas located at themetal-binding site
with the highest copper-occupancy.
2.3. X-band EPR spectroscopy
Directly after puriﬁcation, a concentrated sample of CnrXs was
transferred into an EPR tube and immediately frozen in liquid nitro-
gen. X-band EPR spectra were recorded with a Bruker EMX spec-
trometer equipped with an ESR 900 helium ﬂow cryostat (Oxford
instruments). The EPR conditions were as follows: temperature of
30 K, microwave power of 2 mW, microwave frequency of
9.65530 MHz, and modulation amplitude of 3 G.Fig. 2. The molecular surface of the CnrXs dimer has been colored
according to the hydrophilicity of the exposed atoms/residues.
Hydrophilic atoms/residues appear blue and hydrophobic atoms/
residues appear red.3. Results
3.1. General description of the structure
Each CnrXs monomer exhibits an all-a fold and forms a
hairpin composed of two long a-helices of approximately thesame length (H2: Ala23-Lys60 and H3: Pro66-Gly96), each of
them ﬂanked by another short a-helix (H1: Asp10-Ala18 and
H4: Pro99-Gln118) (Fig. 1A and B). The four helices are con-
nected by loops L1: Val19-Asp22, L2: Asn61-Ser65 and L3:
Leu97-Lys98. The four molecules in the asymmetric unit are
associated into two dimers. In the dimer, the H3 helices cross
each other in their middle on either side of the NCS 2-fold axis.
Together with the H2 helices, they form a curved and twisted
plan. The loops L2 are both projected to the outside. The four
short helices are located at the concave side of this curved plan,
giving to the ensemble a kidney shape. Both the C-terminus
and the N-terminus are pointing toward a profound cavity.
Contact between both protomers is mainly ensured by the
interaction of two hydrophobic patches at both ends of the
3956 G. Pompidor et al. / FEBS Letters 582 (2008) 3954–3958H3 helices (Fig. 2). The ﬁrst hydrophobic patch of one pro-
tomer, which includes residues of H2, L2 and of the N-terminus
side of H3 (from 45 to 75) faces the second patch starting from
the other H3 extremity to the C-terminus of the other protomer
(from 87 to 118). Interactions between the H3 helices involve
both hydrophilic and hydrophobic residues (Fig. 1B). As a
consequence, the dimer mainly exhibits hydrophilic residues
on its surface as expected for a soluble protein. The diﬀerence
in accessible surface area due to dimerization was estimated to
about 1500 A˚2 per protomer. Such a value is in the expected
range for a 27 kDa homodimer [26]. Subsequent resolution
of the structure of native CnrXs at 2.4 A˚ resolution (not
shown) conﬁrmed that the substitution of sulfur by selenium
in Met93 did not modify the position of the side chain.
3.2. The metal-binding site
Concentrated solutions of CnrXs appeared bluish and UV–
visible spectra revealed a slight absorbance around 600 nm in
addition to a strong one at 280 nm (not shown). The EPR
spectrum (Fig. 3) of a frozen solution of CnrXs revealed an
axial signal characterized by g// = 2.267, g^ = 2.054 and a
hyperﬁne coupling (a//) of 525 MHz. This spectrum is typical
of copper and the deduced EPR parameters are in the expected
range for a type 2 Cu(II) center in a square-planar geometry
with a coordination sphere of oxygen or nitrogen atoms [27].
In perfect agreement, the X-ray structure revealed a 3N1OFig. 3. Panel A, X-band EPR demonstrates that apo-CnrXs contains Cu(II
Panel B, Close-up view of CnrXs metal-binding site with the copper ion in pu
electron-density map is contoured at 1 sigma.coordination (Fig. 3 B). The ligands belong to the helices
H1, H2 and H3. The nitrogen ligands are provided by the
Ne2 atoms of His12, His16 and His89 found at 2.20, 2.29
and 2.37 A˚ from the copper atom, respectively. The imidazole
plane of His89 is stabilized by a p–p stacking interaction with
the phenyl ring of Phe36 (inter-plane distance around 3.8 A˚).
The oxygen ligand is supplied by the carboxylate group of
Glu33 located 1.90 A˚ apart from the Cu(II) ion. The coordina-
tion sphere is completed by a ﬁfth axial ligand at a longer dis-
tance (2.77 A˚) provided by the thioether sulfur from the side
chain of Met93. It should be noted that a second side chain
conformation was observed for Met93, in which the sulfur
atom is 4.5 A˚ away from the Cu atom. This can be due to
the low level of metal occupancy of the protein samples. How-
ever we cannot rule out radiation damage during the X-ray
data collection at the Se–K absorption edge.
3.3. Structure comparison between the apo-CnrXs and the
Cu(II)-bound CnrXs
Fig. 4 shows the superposition of the apo-form and of the
copper-bond form of CnrXs. The rms deviation calculated
with 102 aligned Ca atoms pairs of the two structures is
0.50 A˚. This indicates a very strong conservation of the struc-
ture upon metallation. Minor changes occur at the L1 loop
that does not contain any copper ligand. These modiﬁcations
should originate from the slight stretch observed at the N-ter-) ions. The EPR conditions are described in the experimental section.
rple. H1, H2 and H3 appear blue, cyan and yellow respectively. 2Fo–Fc
Fig. 4. Superimposition of apo-CnrXs (in yellow) and copper-bound
CnrXs (in magenta).
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global fold of CnrXs. The geometry of the metal-binding site
is also strongly conserved in the apo-form (Fig. S1, Supple-
mentary materials), the only exception being Glu33 that turns
its carboxylic group towards the solvent region.4. Discussion
CnrX was presumed to be the metal-sensor giving the start
of the ECF-mediated signal transduction pathway leading to
release CnrH in the cytoplasm [14]. However, the signal input
linked to CnrX metallation remained unknown. We have
solved the X-ray structure of CnrXs, the periplasmic part of
CnrX, at a resolution of 1.74 A˚. This four-helix hooked-hair-
pin is the ﬁrst structure of a metal-sensor in an ECF-type sig-
naling pathway and the structure alignment programs VAST
[28] and DALI [29] failed to identify any signiﬁcant structur-
ally-related protein in the PDB.
A recent study revealed that cnr genes transcription is in-
duced by diﬀerent metal ions, including copper [7]. This sug-
gests that CnrX is able to interact with these metals.
Interestingly, CnrXs retained Cu(II) during puriﬁcation. This
is probably related to a high aﬃnity for this copper ion. We
have taken advantage of the presence of copper to identify
the metal-binding site and to compare apo- with Cu(II)-
bound-CnrXs. The copper ion is bound in a type 2-like center
with a 3N1O coordination in the equatorial plane. It exhibits
the expected EPR parameters for such a site but shows an
unprecedented remote ﬁfth axial ligand with Met93 contribut-
ing a weak S-Cu bond. Type 1 centers, which deﬁne the large
family of blue copper proteins, frequently display an axial
methionine [30]. It was proposed that the most prominent role
of the axial methionine is to ﬁne-tune the redox potential of the
blue copper site [31,32]. It can also have a structural role by
protecting the copper ion from interaction with water or exog-
enous ligand [33]. In CnrXs, Met93 is buried in the protein and
cannot have a protective role. To our knowledge this is the ﬁrst
time that such a coordination sphere is observed for a type 2
Cu(II) center. Searching sequence databases for related pro-
teins brought 14 candidates, including the closely related NccX
from C. metallidurans 31A and 13 uncharacterized proteins of
143 to 146 residues from soil bacteria (Fig. S2, Supplementary
materials). The relevance of the alignment was assessed with
regard to the structure of CnrX. Importantly, all sequences
corresponded to periplasmic proteins predicted to be highlyhelical, and the sequence of the periplasmic domain of CnrX
shared at least 56% similarity including 30% identity with
any of the sequences pointed by PipeAlign. It is noteworthy
that among the 11 aminoacids strictly conserved, the ﬁve resi-
dues of the metal-binding site described above are present.
This suggests that CnrXs is the structural prototype for a
new family of metal-binding proteins.
The structures of apo-CnrXs and Cu-bound-CnrXs are
remarkably similar with a rms deviation of 0.5 A˚ for the entire
Ca-backbone, suggesting that the metal-binding site is pre-
formed in apo-CnrXs. This is further supported by the stabil-
ization of the imidazole ring of His89 by a p–p stacking
interaction with the phenyl ring of Phe36. Binding of copper
has a minor eﬀect on the L1 loop as seen from the superimpo-
sition of the apo- and the Cu-bound form. The main conclu-
sion is that metallation of CnrXs by copper, which is one
possible inducer of cnr genes transcription [7], did not lead
to substantial conformational modiﬁcations. This strongly
suggests that signal onset does not involve conformational
changes in the periplasmic part of CnrX even if we cannot rule
out that the residues not visible in the electron-density or not
present in the construct could change conformation upon met-
allation.
Nine amino acids at the N-terminus of CnrXs are not struc-
turally deﬁned. As it remains plausible that CnrX exists, at
least transiently, as a membrane-anchored protein [14,15],
these residues may tether the periplasmic part of CnrX to
the membrane-anchorage domain. As a consequence, the con-
cave face of the kidney-shaped dimer would face the mem-
brane. This raises the hypothesis that the large cavity of the
dimer could accommodate the periplasmic C-terminal part of
CnrY in the CnrYXH initiator complex. The cytoplasmic re-
lease of ECF-type sigma factors like E. coli rE and rFecI re-
quires the regulated proteolysis of the transmembrane
antisigma factor [34,35]. Strikingly, CnrX displays a HEXXH
sequence motif (residues 12–16), which is the hallmark of
metalloproteinases [36], and the data reported here show that
both histidyl residues of this motif are metal ligands in Cu-
bound CnrXs. Thus, metal sensing by CnrX or CnrXs could
be coupled to proteolytic degradation of the periplasmic part
of the antisigma factor CnrY by metal-bound CnrX. Whether
the CnrYXH system is activated by regulated proteolysis re-
mains to be demonstrated.
Acknowledgments: This work was supported in part by the PEPS Pro-
gram of the Centre National de la Recherche Scientiﬁque. We thank
Ste´phanie Ramella-Pairin for excellent technical assistance and Isabelle
Petit-Ha¨rtlein for her help during protein puriﬁcation. The coordinates
and structure factors have been deposited with the PDB (RCSB ID
code rcsb049626 and PDB ID code 3EPV).Appendix A. Supplementary data
Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.febs-
let.2008.10.042.References
[1] Raivio, T.L. and Silhavy, T.J. (2001) Periplasmic stress and ECF
sigma factors. Annu. Rev. Microbiol. 55, 591–624.
3958 G. Pompidor et al. / FEBS Letters 582 (2008) 3954–3958[2] Alba, B.M. and Gross, C.A. (2004) Regulation of the Escherichia
coli sigma-dependent envelope stress response. Mol. Microbiol.
52, 613–619.
[3] Ades, S.E. (2004) Control of the alternative sigma factor sigmaE
in Escherichia coli. Curr. Opin. Microbiol. 7, 157–162.
[4] Helmann, J.D. (2002) The extracytoplasmic function (ECF) sigma
factors. Adv. Microb. Physiol. 46, 47–110.
[5] Paget, M.S. and Helmann, J.D. (2003) The sigma70 family of
sigma factors. Genome Biol. 4, 203.
[6] Mergeay, M., Monchy, S., Vallaeys, T., Auquier, V., Benotmane,
M.A., Bertin, P., Taghavi, S., Dunn, J., van der Lelie, D. and
Wattiez, R. (2003) Ralstonia metallidurans, a bacterium speciﬁ-
cally adapted to toxic metals: towards a catalogue of metal-
responsive genes. FEMS Microbiol. Rev. 27, 385–410.
[7] Monchy, S., Benotmane, M.A., Janssen, P., Vallaeys, T., Taghavi,
S., van der Lelie, D. and Mergeay, M. (2007) Plasmids pMOL28
and pMOL30 of Cupriavidus metallidurans are specialized in the
maximal viable response to heavy metals. J. Bacteriol. 189, 7417–
7425.
[8] Nies, D.H. (2004) Incidence and function of sigma factors in
Ralstonia metallidurans and other bacteria. Arch. Microbiol. 181,
255–268.
[9] Grosse, C., Friedrich, S. and Nies, D.H. (2007) Contribution of
extracytoplasmic function sigma factors to transition metal
homeostasis in Cupriavidus metallidurans strain CH34. J. Mol.
Microbiol. Biotechnol. 12, 227–240.
[10] Nies, D.H. (2003) Eﬄux-mediated heavy metal resistance in
prokaryotes. FEMS Microbiol. Rev. 27, 313–339.
[11] Liesegang, H., Lemke, K., Siddiqui, R.A. and Schlegel, H.G.
(1993) Characterization of the inducible nickel and cobalt
resistance determinant cnr from pMOL28 of Alcaligenes eutrophus
CH34. J. Bacteriol. 175, 767–778.
[12] Tibazarwa, C., Wuertz, S., Mergeay, M., Wyns, L. and van der
Lelie, D. (2000) Regulation of the cnr cobalt and nickel resistance
determinant of Ralstonia eutropha (Alcaligenes eutrophus) CH34.
J. Bacteriol. 182, 1399–1409.
[13] Grass, G., Grosse, C. and Nies, D.H. (2000) Regulation of the cnr
cobalt and nickel resistance determinant from Ralstonia sp. strain
CH34. J. Bacteriol. 182, 1390–1398.
[14] Grass, G., Fricke, B. and Nies, D.H. (2005) Control of expression
of a periplasmic nickel eﬄux pump by periplasmic nickel
concentrations. Biometals 18, 437–448.
[15] Pompidor, G., Girard, E., Maillard, A., Ramella-Pairin, S.,
Bersch. B., Kahn, R. and Cove`s, J. (in press) Biostructural
analysis of the metal-sensor domain of CnrX from Cupriavidus
metallidurans CH34. Anthonie van Leeuvenhoek. doi: 10.1007/
s10482-008-9283-6.
[16] Van Duyne, G.D., Standaert, R.F., Karplus, P.A., Schreiber, S.L.
and Clardy, J. (1993) Atomic structures of the human immuno-
philin FKBP-12 complexes with FK506 and rapamycin. J. Mol.
Biol. 229, 105–124.
[17] Kabsch, W. (1988) Evaluation of single-crystal X-ray diﬀraction
data from a position-sensitive detector. J. Appl. Cryst. 21, 916–
924.
[18] Collaborative Computational Project, Number 4 (1994) The
CCP4 suite: programs for protein crystallography. Acta Cryst.
D50, 760–763.
[19] De la Fortelle, E. and Bricogne, G. (1997) Maximum-likelihood
heavy-atom parameter reﬁnement for multiple isomorphous
replacement and multiwavelength anomalous diﬀraction. Meth.
Enzymol. 276, 472–494.
[20] Schneider, T.R. and Scheldrick, G.M. (2002) Substructure solu-
tion with SHELXD. Acta Cryst. D58, 1772–1779.
[21] Abrahams, J.P. and Leslie, A.G.W. (1996) Methods used in the
structure determination of bovine mitochondrial F1 ATPase. Acta
Cryst. D52, 30–42.[22] Cowtan, K.D. and Main, P. (1996) Phase combination and cross
validation in iterated density-modiﬁcation calculations. Acta
Cryst. D52, 43–48.
[23] Lamzin, V.S., Perrakis, A. and Wilson, K.S. (2001) The ARP/
WARP suite for automated construction and reﬁnement of
protein models (Rossman, M.G. and Arnold, E., Eds.), Int.
Tables for Crystallography. Vol. F: Crystallography of Biological
Macromolecules, Dordrecht, pp. 720–722, Kluwer Academic
Publishers, The Netherlands.
[24] Murshudov, G.N., Vagin, A.A. and Dodson, E.J. (1997) Reﬁne-
ment of macromolecular structures by the maximum-likelihood
method. Acta Cryst. D53, 240–255.
[25] Bru¨nger, A.T. (1992) Free R value: a novel statistical quantity for
assessing the accuracy of crystal structures. Nature 355, 472–475.
[26] Jones, S. and Thornton, J.M. (1996) Principles of protein–protein
interactions. Proc. Natl. Acad. Sci. USA 93, 13–20.
[27] Peisach, J. and Blumberg, W.E. (1974) Structural implications
derived from the analysis of electron paramagnetic resonance-
spectra of natural and artiﬁcial copper proteins. Arch. Biochem.
Biophys. 165, 691–708.
[28] Gibrat, J.F., Madej, T. and Bryant, S.H. (1996) Surprising
similarities in structure comparison. Curr. Opin. Struct. Biol. 6,
377–385.
[29] Holm, L. and Sander, C. (1996) Mapping the protein universe.
Science 273, 595–603.
[30] Koch, K.A., Pen˜a, M.M. and Thiele, D.J. (1997) Copper-binding
motifs in catalysis, transport, detoxiﬁcation and signaling. Chem.
Biol. 4, 549–560.
[31] Diederix, R.E., Canters, G.W. and Dennison, C. (2000) The
Met99Gln mutant of amicyanin form Paracoccus versutus. Bio-
chemistry 39, 9551–9560.
[32] Berry, S.M., Ralle, M., Low, D.W., Blackburn, N.J. and Lu, Y.
(2003) Probing the role of axial methionine in the blue copper
center of azurin with unnatural amino acids. J. Am. Chem. Soc.
125, 8760–8768.
[33] Bauer, R., Danielsen, E., Hemmingsen, L., Bjerrum, M.J.,
Hansson, O¨. and Singh, K. (1997) Interplay between oxidation
state and coordination geometry of metal ions in azurin. J. Am.
Chem. Soc. 119, 157–162.
[34] Ehrmann, M. and Clausen, T. (2004) Proteolysis as a regulatory
mechanism. Annu. Rev. Genet. 38, 709–724.
[35] Brooks, B.E. and Buchanan, S.K. (2008) Signaling mechanisms
for activation of extracytoplasmic function (ECF) sigma factors.
Biochim. Biophys. Acta 1778, 1930–1945.
[36] Gomis-Ru¨th, F.X., Grams, F., Yiallouros, I., Nar, H., Ku¨sthardt,
U., Zwilling, R., Bode, W. and Sto¨cker, W. (1994) Crystal
structures, spectroscopic features, and catalytic properties of
cobalt(II), copper(II), nickel(II), and mercury(II) derivatives of
the zinc endopeptidase astacin. A correlation of structure and
proteolytic activity. J. Biol. Chem. 269, 17111–17117.
[37] Pettersen, E.F., Goddard, T.D., Huang, C.C., Couch, G.S.,
Greenblatt, D.M., Meng, E.C. and Ferrin, T.E. (2004) UCSF
chimera – a visualization system for exploratory research and
analysis. J. Comput. Chem. 25, 1605–1612.
[38] Krissinel, E. and Henrick, K. (2007) Inference of macromolecular
assemblies from crystalline state. J. Mol. Biol. 372, 774–797.
[39] Plewniak, F., Bianchetti, L., Brelivet, Y., Carles, A., Chalmel, F.,
Lecompte, O., Mochel, T., Moulinier, L., Muller, A., Muller, J.,
Prigent, V., Ripp, R., Thierry, J.-C., Thompson, J.D., Wicker, N.
and Poch, O. (2003) PipeAlign: a new toolkit for protein family
analysis. Nucl. Acid Res. 31, 3829–3832.
[40] Thompson, J.D., Gibson, T.J., Plewniak, F., Jeanmougin, F. and
Higgins, D.G. (1997) The ClustalX windows interface. Flexible
strategies for multiple sequence alignment aided by quality
analysis tools. Nucl. Acid Res. 25, 4876–4882.
